The salt tolerance of native Asian pear species, Pyrus betulaefolia Bunge., P. pyrifolia Nakai, and P. xerophila Yu, and native Mediterranean ones, P. amygdaliformis Vill. and P. elaeagrifolia Pall., were examined by irrigating them with 75 mM and 150 mM NaCl solutions for 30 days. Native Mediterranean species did not develop leaf injury during the 30-day NaCl treatments, but native Asian species developed leaf injury. Concerning the shank, fine roots, and whole plant, bioregional differences in Na and Cl contents were small. However, the Na and Cl contents of the leaves of native Mediterranean species were markedly less than those of native Asian species in both NaCl concentrations. Therefore, the native Mediterranean P. amygdaliformis and P. elaeagrifolia may have some salt exclusion mechanisms in the shank which restrict Na and Cl transport to the leaves. The stem water potential and Ci/Ca ratios were decreased by NaCl treatments in native Mediterranean and native Asian species. Thus, the photosynthetic decline by NaCl treatment observed in these species might have been caused by stomatal closure, which is likely to be induced by decreased water potential in the plant body. However, the photosynthetic rate of native Mediterranean species under NaCl stress was higher than native Asian species. Therefore, low concentrations of Na and Cl in the leaves of native Mediterranean species might prevent crucial decreases of photosynthetic rates under NaCl stress. The present results imply that native Mediterranean P. amygdaliformis and P. elaeagrifolia have a higher salt tolerance than native Asian P. betulaefolia, P. pyrifolia and P. xerophila. These native Mediterranean species would be useful in providing genetic resources as salt-tolerant rootstock for the Japanese pear.
Introduction
Salt tolerance is one of the major factors influencing crop productivity in arid or semi-arid environments. Cultivated pear species are not tolerant to salinity, although Pyrus communis L. has been cultivated in arid or semi-arid areas (Bernstein, 1965) . The Asian pear, including P. pyrifolia Nakai, P. ussuriensis Max., and P. bretschneider Rehd., has recently been cultivated in arid or semi-arid areas and its cultivation is increasing due to the unique, attractive features of the fruit, such as its juicy crisp flesh (Kajiura, 2002; Lombard and Westwood, 1987; Rathore, 1991) .
The salt tolerance of fruit trees can be enhanced through the use of tolerant rootstocks (Ruiz et al., 1997) . Soil salinity directly affects roots; therefore, the selection of suitable rootstocks is essential for sustainable fruit production in salt-affected areas (Bernstein and Kafkafi, 2002) . In Citrus and Persea, studies on salt-tolerant rootstocks have been conducted, and some tolerant rootstocks, especially Cl-and Na-excluding rootstocks, were selected for use in cultivation (Bernstein et al., 2001; Storey and Walker, 1999) . The Pyrus genus has 22 primary species; however, systematic investigations on salt tolerance in these species are limited (Bell, 1991) . In a previous study, we compared the salt tolerance of five Asian native rootstocks and revealed that P. betulaefolia Bunge. had the highest salt tolerance (Matsumoto et al., 2006) . Moreover, this study also suggested that P. betulaefolia restricts the translocation of Na and Cl ions from roots to shoots and prevents overaccumulations of these ions in leaves. Lombard and Westwood (1987) reported that P. amygdaliformis and P. elaeagrifolia present a higher tolerance to limeinduced chlorosis. However, adaptation of these two species to soil salinity has not been investigated and no study has directly compared the salt tolerance of native Mediterranean and native Asian Pyrus rootstocks.
In general, native Asian wild pear species survive under wet climate conditions, whereas native Mediterranean pear species survive under dry, salty soil environments (Lombard and Westwood, 1987) . Therefore, there is a strong possibility that these two groups have different genetic backgrounds and different patterns of adaptation to soil salinity. To develop salt-tolerant rootstocks and reveal the mechanisms of salt tolerance, comparisons of growth characteristics and the intrinsic physiology of these two groups is critical.
In this study, we compared the shoot growth, leaf injury, and ion content of each plant organ, and examined the relationship between ion uptake and salt tolerance. Additionally, photosynthetic characteristics were assessed under salt treatments.
Materials and Methods

Plant materials and treatments
Three-year-old seedlings of Pyrus betulaefolia Bunge., P. pyrifolia Nakai, P. xerophila Yu, P. amygdaliformis Vill., and P. elaeagrifolia Pall. were used. P. betulaefolia, P. pyrifolia and P. xerophila originated in East Asia, whereas P. amygdaliformis and P. elaeagrifolia in Mediterranean coastal areas. Seeds were collected from the pear germplasm collection orchard in Tottori University, Tottori, Japan. The seedlings were grown at an orchard in Tottori University for three years, and then transplanted into 20 L terracotta pots filled with decomposed granite soil and cultivated in a greenhouse under natural conditions. The seedlings were irrigated with 500 mL of 75 mM or 150 mM NaCl solutions once a day for 30 days from late May, 2004. Each treatment was replicated on five plants. Control seedlings were irrigated with water alone once a day for the same period.
Measurement of shoot growth
Shoot length from the shoot base to the shoot tip for all 3 shoots per plant was measured, and the total length increase during the 30-day treatment was calculated.
Leaf injury and stem water potential
Leaf injury was expressed as an index of six grades (0-5), from 0, indicating no visual symptoms to 5, indicating that all leaves were burned or abscised, as described by Motosugi et al. (1987) . Stem water potential was measured according to the method described by McCutchan and Shackel (1992) with some modifications. Briefly, a fully expanded leaf was selected from the middle part of the upper shoot of the plant. The leaf was then enclosed, while intact on the tree, in a plastic bag covered with aluminum foil and left for 180 min for the stem and leaf water potential to equilibrate before measurement. Water potential was determined in a pressure chamber (Model 600, PMS Instrument Company, Oregon, USA).
Photosynthetic activity
The photosynthetic light-response curve and the internal leaf CO 2 to ambient CO 2 (Ci/Ca) ratio were determined in a temperature controlled greenhouse of 25°C, using a portable open-gas exchange system (LCA-4, ADC, Hoddesdon, England). The third or fourth youngest expanded leaves of each plant were used in this measurement and the leaf temperature was kept at 30 ± 5°C and the concentration of CO 2 within the cuvette was maintained at 380 ± 5 µmol·mol −1 . Each plant was moved into the greenhouse at least 2 h before the measurement and acclimated to the environment. Light intensity was changed using a halogen light source along with a glass fiber illumination apparatus and a heatabsorbing filter (LGPS, Olympus Optical Co., Ltd., Tokyo, Japan).
Mineral contents
Plants were removed from the pots at the end of the treatments and divided into leaves, stems, shanks, and fine roots. Fresh weight was recorded and plants were washed with distilled water. After oven drying at 78°C for 72 h, the dry weight was measured and samples were lightly ground into powder. To determine the Na, K, Ca, and Mg contents, powdered samples were digested using the H 2 SO 4 -H 2 O 2 Kjeldahl digestion method (Ohyama et al., 1991) . One milliliter of H 2 SO 4 was added to 50 mg of each powdered sample in a test tube, left for 12 h, and then heated at 180°C for 3 h. During heating, 0.9 mL of H 2 O 2 was added to completely digest samples. Samples were diluted with 50 mL distilled water, and this solution was used for Na, K, Ca, and Mg analyses. These mineral concentrations were determined using an atomic absorption spectrophotometer (170-30, Hitachi Ltd., Tokyo, Japan). The Cl content was determined using the spectrophotometric mercury thiocyanate-iron method of Iwasaki et al. (1956) . Fifty milligrams of powdered sample and 10 mL of 0.1 N acetic acid were put into a plastic tube, shaken for 1 h, and then left stationary for 12 h. Supernatants were then centrifuged for 5 min at 12000 rpm and 0.1 mL of each sample solution was mixed with 0.2 mL 13.2 mM mercuric thiocyanate solution, 0.1 mL 0.5 M ferric nitrate solution, and distilled water. Absorbance of ferric thiocyanate was measured using a spectrophotometer at 460 nm (U-2000, Hitachi Ltd.).
Results
Growth increment of shoots
Shoot growth in all pear rootstocks was reduced by each NaCl treatment (Table 1 ). The increment of shoot length with 150 mM NaCl did not differ among species. However, the relative shoot growth (% of control) of P. xerophila with 150 mM NaCl was less than other species and the rate was 46.4% of the control. The rate of P. amygdaliformis and P. elaeagrifolia was 57.0 and 57.1% of the control, respectively. The NaCl effect on P. pyrifolia and P. betulaefolia was less than other species and the rates were 64.0% and 67.0% of the control, respectively.
Leaf injury
P. amygdaliformis and P. elaeagrifolia showed no visible symptoms of leaf injury during the experimental period in any NaCl concentrations (Fig. 1) . In contrast, P. betulaefolia, P. pyrifolia, and P. xerophila presented leaf injury. The most sensitive species was P. xerophila; injury was observed even when irrigated with 75 mM NaCl for 20 days. P. betulaefolia exhibited leaf injury only when irrigated with 150 mM NaCl (Fig. 1 ).
Mineral contents
The total Na and Cl contents per plant did not differ among species with 75 mM NaCl (Fig. 2) . Total Na and Cl contents of P. pyrifolia with 150 mM NaCl were higher than the native Mediterranean P. amygdaliformis and P. elaeagrifolia. However, there was no difference among other species (Fig. 2) .
Leaf Na and Cl contents of native Mediterranean P. amygdaliformis and P. elaeagrifolia were remarkably lower than the native Asian species, even with 150 mM NaCl (Fig. 3) . In the native Asian species, leaf Na and Cl contents of P. betulaefolia were lower than P. pyrifolia and P. xerophila. Leaf Na and Cl contents of P. xerophila with 75 mM NaCl were the highest among species.
The Na and Cl contents of the shank increased with Values are the means of five replications. z Different letters within the same column show a significant difference by Tukey-Kramer's HSD tests at the 5% level. NS, **, *** indicate non-significant and significant differences at P<0.01 and 0.001, respectively. NaCl applications, but there were no marked differences among species (Fig. 3) . The Na and Cl contents in fine roots also increased with NaCl applications in all species. Moreover, there was little difference between NaCl treatments (Fig. 3 ).
There were no significant differences in K, Ca, and Mg contents among all species, with or without NaCl treatment (data not shown).
Stem water potential
Stem water potential decreased with NaCl application except in P. amygdaliformis at 75 mM NaCl (Table 2) . Stem water potential with 150 mM NaCl did not differ among species (Table 2) .
Photosynthetic rate
The decrease in the light-saturated net photosynthesis of native Asian P. betulaefolia, P. pyrifolia, and P. xerophila was greater than native Mediterranean P. amygdaliformis and P. elaeagrifolia under saline conditions (Fig. 4) . The values of native Asian species were less than 20% of the control, but those of native Mediterranean species were 64% and 56% of the control, respectively, even with 150 mM NaCl (Fig. 4) . The photosynthetic rate of NaCl-treated native Asian species decreased when the photosynthetic photon flux density (PPFD) exceeded 300 µmol·m −2 ·s −1 . In contrast, native Mediterranean species did not show a decreased photosynthetic rate, even when the PPFD was as high as 700 µmol·m −2 ·s −1 , by NaCl treatment. The Ci/Ca rates were decreased by NaCl treatment in all species (Fig. 5 ).
Discussion
Soil adaptation of pear rootstock varies within the Pyrus genus (Bell, 1991; Lombard and Westwood, 1987) . However, no study has directly compared the salt tolerance of native Asian Pyrus rootstock species with native Mediterranean Pyrus rootstock species. In the present study, we found that native Mediterranean P. amygdaliformis and P. elaeagrifolia have a higher salt tolerance than native Asian P. betulaefolia, P. pyrifolia, and P. xerophila. Native Mediterranean P. amygdaliformis and P. elaeagrifolia did not show any leaf injury symptoms during the 30-day experimental period, even with 150 mM NaCl (Fig. 1) . On the other hand, native Asian P. betulaefolia, P. pyrifolia, and P. xerophila developed some leaf injuries. In general, leaf injury is caused by an overaccumulation of Na and Cl in leaves (Munns, 2002) . Bernstein (1965) suggested that leaf injury in fruit trees develops when the leaf ion content exceeds 87 µmol·g −1 DW for Na and/or 141 µmol·g −1 DW for Cl. In this study, leaf injury was observed only when the leaf Na and Cl contents exceeded these threshold values. The Na and Cl contents in leaves of P. amygdaliformis and P. elaeagrifolia were lower than these threshold values, even at the highest salinity level (Fig. 3) .
Moreover, the Na and Cl contents in leaves of P. betulaefolia which presented the highest salt tolerance among native Asian species in a previous study (Matsumoto et al., 2006) with 75 mM NaCl were also lower than these threshold values. These results suggested that the higher tolerance of native Mediterranean P. amygdaliformis and P. elaeagrifolia to salt stress was related to the low concentration of Na and Cl in leaves, and that the contents of Na and Cl in leaves were an important factor to decide salt tolerance.
In Avocado rootstock species, salt tolerance is different among their bioregions, and salt tolerance species exclude Na and Cl from the leaves (Mickelbart and Arpaia, 2002) . In the present study, the differences of the total Na and Cl contents in whole plants among the species were small; the contents with 75 mM NaCl particularly did not differ among species (Fig. 2) . Moreover, the Na and Cl contents of the shank and fine roots with NaCl treatments did not differ among species (Fig. 3) . However, Na and Cl contents in leaves of native Mediterranean P. amygdaliformis and P. elaeagrifolia were extremely lower than native Asian P. betulaefolia, P. pyrifolia, and P. xerophila (Fig. 3) . These results suggests that both native Mediterranean and native Asian species might absorb almost the same amounts of Na and Cl in the plant body, but, native Mediterranean species did not transport this Na and Cl from the shank to the leaves.
Numerous studies have been conducted to elucidate the mechanisms of Na and Cl transport to leaves in various plant species. Several studies suggested that nonvigorous growth restricted Na and Cl transport to the leaves (Massai et al., 2004) . However, in the present study, the difference in shoot length increments was small, and there was no relationship between shoot growth and salt tolerance (Table 1) . Thus, vigorous growth did not affect the contents of Na and Cl in leaves. Greenway and Munns (1980) and Munns (2002) suggested that the salt exclusion function in glycophytes is linked with the ability to limit uptake and/or transport of Na and Cl from the root to above-ground parts. Fisarakis et al. (2001) reported consistently higher contents of Na and Cl in roots as compared to the leaves of Sultana vines and suggested that the capability to store Na in roots is a tolerance characteristic of rootstocks. Boland et al. (1997) also suggested that the trunk wood of Pear (P. communis) acted as a storage organ for Na and restricted the accumulation of Na in leaves. The details of exclusion mechanisms were not clear solely from the present experiment. Moreover, further experiments must be performed using scion cultivars grafted on these rootstocks. However, it is suggested that native Mediterranean P. amygdaliformis and P. elaeagrifolia have some salt exclusion mechanisms in the shank and/or roots and restrict the transport of Na and Cl to the leaves. Further research may reveal the mechanisms and some effective usages of native Mediterranean species for rootstock and/or genetic resources will be clarified.
In this study, photosynthetic activity was also affected differently between the native Mediterranean the native Asian species. On the 17th day, the effect of NaCl treatment on the light saturated photosynthetic activity of the native Mediterranean species was weaker than on native Asian ones (Fig. 4) . Some reports suggested that the accumulation of Na and Cl in leaves induces the collapse of many physiological processes and reduces the photosynthetic rate (Garcia-Legaz et al., 1993; Ziska et al., 1990) . In the present study, the photosynthetic rates under low light were not changed by NaCl treatment in native Mediterranean species; however, the rates of native Asian species were decreased (Fig. 4) . Thus, there is a possibility that the photosynthetic apparatus of native Asian species is injured by NaCl treatment. However, James et al. (2002) reported in wheat that the photosynthetic apparatus was not affected directly when the leaf Na and Cl contents were over 200 and 300 mM in the tissue water base, respectively. And these values were higher than the contents of the present experiment. Because, the reduction of the photosynthetic rate under saline conditions may be induced by many factors, ionic and osmotic, it is difficult to determine the relative effect of these factors. Therefore, further investigations are necessary to elucidate the cause of the difference between native Asian and Mediterranean species. But, the Ci/Ca rate was decreased by NaCl treatment in all species in the present experiment (Fig. 5) . Moreover, the stem water potential was also decreased by NaCl treatment in all species (Table 2) . Ouerghi et al. (2000) reported that the decline of the Ci/Ca rate implied a decline in the photosynthetic rate caused by stomatal limitation. Therefore, the following phenomenon may be induced commonly by NaCl treatment among the examined species: NaCl treatment decreases water potential in the plant body, and this leads to a reduced photosynthetic rate via stomatal closure (Holbrook et al., 2002; Tardieu et al., 1996) .
In conclusion, the present results imply the existence of a restriction mechanism that blocks the transport of saline substrates from the shank to leaves. The salt tolerance mechanisms of the native Mediterranean species P. amygdaliformis and P. elaeagrifolia are superior to native Asian species, and may reflect environmental adaptations. Therefore, native Mediterranean Pyrus species present a higher salt tolerance. Until now, the use of P. amygdaliformis and P. elaeagrifolia for pear rootstocks has been limited and used only in Mediterranean coastal areas (Lombard and Westwood, 1987; Procopiou and Wallace, 2000) . Moreover, it is not clear whether these rootstocks can be adapted to the Japanese pear or not. As the Japanese pear and its rootstocks are adapted to wet climates in East Asia, their genetic resources for salt tolerance might be limited. The present results indicate that native Mediterranean species would be useful in providing genetic resources as salt tolerant rootstock for the Japanese pear.
